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Abstract: Nonylphenol (NP) is a known endocrine-disrupting chemical (EDC) that has been shown
to affect bone development in mammals. However, the detrimental impacts of NP on the skeletal
growth and development of aquatic species, especially bony fish, remain poorly understood. Bone
morphogenic proteins (BMPs), essential for bone formation and osteoblast differentiation, act through
the BMP-Smad signaling pathway. In this study, two BMP genes, BMP2 and BMP4, were cloned and
characterized in the red crucian carp (Carassius auratus red var.). The full-length cDNAs of BMP2
and BMP4 were 2029 bp and 2095 bp, respectively, encoding polypeptides of 411 and 433 amino
acids, and share a typical TGF- domain with other BMPs. The tissue expression patterns of both
genes were identified, showing ubiquitous expression across all studied tissues. Additionally, the
exposure of embryos or adult fish to NP stress resulted in a downregulation of BMP2, BMP4, and
other genes associated with the BMP-Smad signaling pathway. Moreover, the combined treatment
of adult fish with NP and the specific BMP receptor inhibitor significantly reduced these genes’
expression. These findings elucidate the mechanism of NP stress on BMP2 and BMP4, suggesting a
role for the BMP-Smad signaling pathway in the response to endocrine-disrupting chemicals in fish.

Keywords: Nonylphenol; endocrine-disrupting chemicals; BMPs; toxic effects; Carassius auratus red var.
Key Contribution: This study suggests the crucial role of BMP2 and BMP4 in the adaptive responses

of teleost fish to NP and highlights the significance of safeguarding aquatic ecosystems against
EDC pollution.

1. Introduction

Nonylphenol (NP), a prominent endocrine-disrupting chemical (EDC) and the primary
degradation product of alkylphenol ethoxylates, exhibits estrogenic activity in a variety of
wildlife species [1]. Widespread in industrial applications and consumer products, human
and animal exposure to NP occurs through multiple routes, including latex coatings,
adhesives, paper products, detergents, and cosmetics [2]. Research on mammals has
revealed that perinatal exposure to NP can affect brain function [3], cardiac function [4],
and bone development [5] in the offspring of exposed individuals. In particular, the impact
of NP on bone development has been well established. For instance, exposure to NP
significantly compromises bone integrity by affecting osteoblasts and osteoclasts, which
are vital for the formation and homeostasis of bone tissue [6,7]. Additionally, NP may
contribute to abnormal skeletal development by interfering with critical signaling pathways,
such as Wingless/Int-1 (Wnt) and (3-catenin, either directly or indirectly, thereby disrupting
the normal processes of skeletal growth and maturation [8]. NP also exerts toxic effects
on aquatic organisms, resulting in multi-organ damage [9-11]. It has been shown that
exposure to NP is correlated with the development of skeletal abnormalities in fish embryos.
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Abnormalities were observed in developing Asian stinging catfish (Heteropneustes fossilis)
larvae exposed to NP 5 h after hatching in [12]. In zebrafish (Danio rerio), 24 h of embryonic
exposure to NP resulted in the observation of tail skeletal malformations in [13]. Similarly,
in goldfish (Carassius auratus), early blastula-stage embryos were exposed to NP and
exhibited skeletal malformations between 24 and 72 h after fertilization following exposure
to varying concentrations of NP in [14].

During skeletal development, the majority of the bones in the body are established
by the endochondral bone formation process [15]. Chondrocyte maturation and the endo-
chondral bone development process are tightly regulated by a series of growth factors and
transcription factors, including bone morphogenetic proteins (BMPs), which play a crucial
role [16]. BMPs activate the BMP-Smad signaling pathway, which is essential for osteogen-
esis, skeletal development, and bone formation [17]. Specifically, BMP2 and BMP4 act as
secreted ligands that engage serine-threonine kinase-type Il receptors, leading to the activa-
tion of type I receptors and the subsequent phosphorylation of Smad proteins. This cascade
regulates the expression of key bone formation markers such as runt-related transcription
factor 2 (Runx2) and Osterix [18]. Multiple endocrine-disrupting chemicals (EDCs), such
as bisphenol A (BPA) [19] and polychlorinated biphenyls (PCBs) [20], have been shown to
interfere with bone development by inhibiting genes associated with the BMP-Smad path-
way. Studies of various mammalian species, including mice [21], pigs [22], and goats [23],
have highlighted the significant role of BMP2 and BMP4 in bone development. Addition-
ally, extensive research has been conducted on BMP2 and BMP4 in various fish species.
The cDNA sequences of BMP2 and BMP4 have been identified in early investigations
focusing on zebrafish (Danio rerio) [24] and Japanese flounder (Paralichthys olivaceus) [25].
Subsequently, studies delving into the expression of BMP2 were carried out on Jian carp
(Cyprinus carpio var. Jian) [26] and barbel steed (Hemibarbus labeo) [27]. Similarly, BMP4
expression studies were conducted on mandarin fish (Siniperca chuatsi) [28], providing
further insights into the significance of BMP2 and BMP4 in fish skeletal development.

Carassius auratus red var. accounts for an important proportion of freshwater aquacul-
ture production worldwide, but it is susceptible to various factors during production [29].
A previous study by our research group showed that NP affects C. auratus red var. and
leads to the development of abnormal skeletons [30]; however, the molecular mechanism
of NP’s effect on the skeletal development of C. auratus red var. remains unclear. BMPs
act as the key genes of the BMP-Smad pathway, which are known to be involved in the
regulation of skeletal development. In the present study, two key members of the BMP
family (BMP2 and BMP4) were successfully cloned and characterized from C. auratus red
var. The expression levels of the BMP2 and BMP4 transcripts in different tissues were
analyzed by real-time fluorescence quantitative PCR (qRT-PCR). Furthermore, the temporal
patterns of BMP2 and BMP4 in response to NP exposure were investigated in embryos and
adult fish. The results of this study can help broaden the understanding of the roles of the
BMP-Smad pathway in response to environmental endocrine disruptors.

2. Materials and Methods
2.1. Fish and Sampling

Two-year-old healthy C. auratus red var. were obtained from the Engineering Research
Center of Polyploid Fish Breeding and Reproduction of the State Education Ministry at
Hunan Normal University. The fish were acclimatized in an indoor freshwater tank at
25 £1 °C and fed a commercial diet (crude protein, 32.2%; crude lipid, 6.5%; ash, 10.4%;
and gross energy, 18.5 MJ/kg) twice daily at 9:00 and 16:00 for one week. After no abnormal
symptoms were observed, the C. auratus red var. fish were subjected to further study.

Three healthy fish were sacrificed as one group, and samples from the gill (G), caudal
fin (C), heart (H), intestine (I), kidney (K), liver (L), muscle (M), brain (B), and spleen (S)
were collected. All samples were immediately homogenized in TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and stored at —80 °C until needed for RNA extraction for cloning and
the detection of tissue differential expression in BMIP2 and BMP4 genes.
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2.2. NP Treatments of Embryos

A previous study by our research group found that the embryos of C. auratus red var.
treated with 3 umol/L of NP exhibited relatively obvious skeletal malformations, and the
mortality rate was low [30]. Therefore, 3 pumol/L NP was selected as the experimental
concentration. The eggs and sperm from three sexually mature male and female C. auratus
red var. were artificially fertilized using the semi-dry method. The fertilized eggs were
then placed in a 25 cm sterile, dry Petri dish containing aerated water for incubation.
After fertilization for 2 min, all the embryos were exposed to NP with concentrations of
0 umol/L (blank control, 0.01% ethanol) or 3 umol/L. Each treatment group was employed
for 5 parallel replicates (5 Petri dishes), with approximately 300 embryos in each Petri dish.
Embryo incubation and NP exposure were carried out in the plates at 25 = 1 °C. The water
was changed approximately every 4 h. Intact embryos were collected at six stages: 6 hpf
(hours post-fertilization), 12 hpf, 24 hpf, 48 hpf, 72 hpf, and 96 hpf. From each group, we
collected 3 tubes of 30 embryos per tube from 5 Petri dishes, for a total of 6 tubes at each
time point (Table S1). We used liquid nitrogen to stop embryo development and then stored
the samples at —80 °C until RNA extraction.

2.3. NP Exposure and Inhibitor Intraperitoneal Injection of Adult Fish

Before the initiation of the study, all fish were acclimatized to laboratory conditions
for a week. For NP exposure, C. auratus red var. fish (approximately 50 g in weight)
were divided into three groups randomly. Each group had three replicates with 15 fish.
Three identical round fiberglass tanks (200 L) were used to rear the fish (n = 15 per tank),
with continuous aeration. The rearing conditions were as follows: water temperature
was 25 £ 1 °C, dissolved oxygen was higher than 5 mg/L, the concentration of ammonia
nitrogen was <0.5 mg/kg, and pH was maintained at 6.5-7.5. The experimental water was
tap water after aeration for 3 days. Adult fish in the experimental groups were exposed to
NP at concentrations of 251.3 ug/L or 753.9 ug/L dissolved in ethanol. The control group
was treated with an equal concentration of ethanol in the tanks (0.01% ethanol, v/v). The
exposure was conducted using a semi-static water system, where half of the water was
replaced daily, and then, the reagent was added to maintain the original concentration. The
selected NP concentrations were based on the 96 h LC50 value for C. auratus red var., which
is 251.3 ug/L [31]. Three fish from each group were sampled randomly at 12, 24, 48, 72,
and 96 h post-exposure to NP. The caudal fin of C. auratus red var. at each time point was
collected, frozen immediately in liquid nitrogen, and stored at —80 °C until RNA isolation.

For the combination treatment with the BMPRI-specific inhibitor LDN193189 and
NP, C. auratus red var. fish were selected (n = 12) and randomly divided into four groups.
Experiments were carried out in a 50 L round fiberglass tank. The four groups were
divided into control, LDN193189, NP, and NP + LDN193189 treatments. The experimental
conditions and the experimental water were the same as those used in the previously
described NP exposure experiment. Each fish received an intraperitoneal injection of
200 puL of the respective treatment, with three replicates per group. Both the control and
NP groups were injected with 0.01% dimethyl sulfoxide (DMSO), while the LDN193189
and NP + LDN193189 groups received LDN193189 at a dose of 0.625 mg/kg body weight,
freshly prepared in dimethyl sulfoxide. This dose was based on the effective dose used
in a previous study with sailfin molly (Poecilia latipinna) [32]. At 12 h after injection, the
control and LDN193189 groups were exposed to 0.01% ethanol, whereas the NP and
NP + LDN193189 groups were exposed to a concentration of 251.3 pug/L NP. Samples of
the caudal fin were collected from 12 live fish at 48 h post-exposure. Fish were not fed
throughout the entire exposure process.

2.4. RNA Extraction

Total RNA from the collected samples was extracted individually with Trizol reagent
under RNase-free conditions. RNA purity was estimated using a nucleic acid protein
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analyzer (BioPhotometer Eppendorf, Hamburg, Germany) based on the A260/A280 ratio,
and the quality was assessed by electrophoresis on a 1.0% agarose gel.

2.5. Cloning the cDNA Sequence of BMP2 and BMP4

All primers (Table 1) were designed using the Primer Premier 5 software (https:
/ /www.premierbiosoft.com/primerdesign/index.html (accessed on 5 July 2022)) and syn-
thesized by the Sangon Biotech Co., Ltd. (Shanghai, China). To amplify partial cDNA
fragments of BMP2 and BMP4 in C. auratus red var., degenerate primers of C. auratus red
var. BMP2 were designed from homologous regions of the BMP2 sequences of other teleosts
(GenBank accession no. AB265811.1), and degenerate primers of BMP4 were designed
from homologous regions of the BMP4 sequences of other teleosts (GenBank accession
no. AB874478.1). The PCR template for the BMP2/BMP4 genes was, respectively, synthe-
sized from 1 pg of brain and intestine RNA of C. auratus red var. with a PrimeScript™
1st Strand cDNA Synthesis Kit (Takara, Kusatsu, Japan) according to the manufacturer’s
instructions. PCR was performed in a total reaction volume of 20 pL containing 2 pL of
10x LA Taq Buffer I (Mg?* plus), 1 uL of cDNA template, 2 pL of ANTP mixture (2.5
mM each), 0.5 pL of each primer (10 uM), 13.8 pL of ddH,0O, and 0.2 pL of LA-Taqg DNA
Polymerase (Takara, Kusatsu, Japan). The PCR conditions were 94 °C for 1 min; 35 cycles
of 30 s at 98 °C; and 1 min 10 s at 61 °C, followed by a final extension for 10 min at 72 °C.
The PCR products were purified using the Agarose Gel DNA Purification Kit (Accurate
Biotech Co., Ltd., Changsha, China) and were inserted into the pMD18-T vector using a
TA cloning kit (Accurate Biotech Co., Ltd., Changsha, China). The recombinant plasmid
vector was transformed into Escherichia coli DH5x competent cells (Accurate Biotech Co.,
Ltd., Changsha, China). The positive clones were sequenced by Beijing Tsingke Biotech-
nology Co., Ltd. (Beijing, China), and the results were verified by the BLAST program
(https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 12 September 2022)). All the PCRs
in this study were repeated, and the results were consistent.

Table 1. The sequences of primers used in this study.

Primer Names Sequence (5' to 3') Application
BMP2-F GCTGTTGCTCGGTCAGGTGT Partial sequence obtaining
BMP2-R CAGCCCTCCACCACCATGT Partial sequence obtaining
BMP4-F GAAGGGAAGAAGAAAGCGTCG Partial sequence obtaining
BMP4-R GACCTCTTTGCTTCGGGCTG Partial sequence obtaining

BMP2-5'GSP GTGGAGCACCTCAACCAGAAGCCCG 5’-RACE PCR
BMP2-3'GSP AGCATGGCCCCTTCCAAAGAGCCTC 3’-RACE PCR
BMP4-5'GSP CTCCCGTGGGTTGGGGATCTGAGAC 5’-RACE PCR
BMP4-3'GSP CGAGTCGAGCGAACACCGTGAGAGG 3’-RACE PCR

BMP2-5'NGSP AGCCCGTGGTTGTGCTGGGATTCGC Nested 5-RACE PCR

BMP2-3'NGSP TGTTCAGGCCAGCATGGCCCCTTCC Nested 3’-RACE PCR

BMP4-5NGSP ~ TGGGGATCTGAGACTGCATCATCTATCT Nested 5-RACE PCR

BMP4-3'NGSP  CACCGTGAGAGGATTCCATCATGAAGAG Nested 3’-RACE PCR

BMP2-QF GCGATCCGATATTAACTTCCTG qRT-PCR
BMP2-QR GCTTTCCCATAGTGCTCCTTG qRT-PCR
BMP4-QF TGAACTGCTGCGGGACTTTG qRT-PCR
BMP4-QR GACTCGTGGACCTCTCGGGAT qRT-PCR
Runx2-QF CACAGAGCCATAAAGGTCACGG qRT-PCR
Runx2-QR GGAGTTGGGGTTGCTAAGCG qRT-PCR
Osterix-QF CAAACCCGTCCCATCTTCTG qRT-PCR
Osterix-QR GCACCAAGCCTCTCCAACTC qRT-PCR
BMPRI-QF TGGCGTACTCTGCAGCCTGT qRT-PCR
BMPRI-QR TGGGATGTCCACTTCATTTGTG qRT-PCR
B-actin-QF TCCCTTGCTCCTTCCACCA qRT-PCR
B-actin-QR GGAAGGGCCAGACTCATCGTA qRT-PCR

To obtain the 5" and 3’ ends of each cDNA, a number of gene-specific primers (Table 1)
were designed for the target genes to replicate sense or antisense regions of their amplified
partial fragments, sequenced above. 5'-RACE and 3’-RACE were performed with the RACE
c¢DNA Amplification Kit (Vazyme Biotech Co., Ltd., Nanjing, China) using brain or intestine
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RNA following the manufacturer’s instructions. Nested 5'- and 3’-RACE PCR products of
the expected size were handled and sequenced as described above. The full-length cDNAs
of the target genes were assembled by aligning the partial cDNA fragments and the 5'- and
3’-RACE fragments with the aid of the ContigExpress program in the Vector NTI Advance
11 sequence analysis software packages (Invitrogen).

2.6. Sequence Identification of BMP2 and BMP4

The OREF finder program (https://www.ncbi.nlm.nih.gov/orffinder/ (accessed on
5 April 2023)) and ExPASy (http:/ /web.expasy.org/translate/ (accessed on 5 April 2023))
were used to deduce the amino acid sequences of BMP2/BMP4. The BLASTX and BLASTP
programs (http://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 11 April 2023)) were used
to analyze the nucleotide and deduced protein sequences, respectively. The isoelectric
point (pI) and molecular weight (Mw) were calculated by the pI/Mw tool (http://www.
expasy.ch/tools/pi_tool.html (accessed on 11 April 2023)). The protein motif features
were predicted by the Simple Modular Architecture Research Tool (http://smart.cmbl-
heidelberg.de/ (accessed on 11 April 2023)). The BMP2 and BMP4 amino acid sequences of
other vertebrates were searched in the NCBI protein database, and the GenBank accession
numbers are listed in Table 2. Multiple sequence alignment of BMP2 and BMP4 was
performed with the MegAlign (https://www.dnastar.com/software /lasergene/megalign-
pro/ (accessed on 3 June 2023)) and GeneDoc (https:/ /nrbsc.org/gfx/genedoc/ (accessed
on 3 June 2023)) programs, and the identity was analyzed by the NCBI BLASTP program.
Phylogenetic analysis was constructed using the neighbor-joining (N]J) method implemented
in the MEGA 5.0 package (http:/ /www.megasoftware.net/(accessed on 3 June 2023)) based on
sequence alignment using the Clustal W method with 1000 bootstrap replicates.

Table 2. Amino acids used to construct the phylogenetic tree of the BMP2/BMP4 genes.

Protein Name GenBank Access. No.
Carassius auratus red variety BMP2 PP411940
Carassius auratus BMP2 BAN17326.1
Danio rerio BMP2 AAI14257.1
Cyprinus carpio BMP2 XP_042602743.1

Megalops cyprinoides BMP2
Anguilla Anguilla BMP2
Astyanax mexicanus BMP2
Puntigrus tetrazona BMP2
Sinocyclocheilus anshuiensis BMP2
Anabarilius grahami BMP2
Salmo trutta BMP2
Homo sapiens BMP2
Mus musculus BMP2
Gorilla gorilla gorilla BMP2
Bos taurus BMP2
Gallus gallus BMP2
Columba livia BMP2
Carassius auratus red variety BMP4
Carassius auratus BMP4
Cyprinus carpio BMP4
Sinocyclocheilu rhinocerous BMP4
Puntigrus tetrazona BMP4
Danio rerio BMP4
Salmo salar BMP4
Sparus aurata BMP4
Homo sapiens BMP4
Mus musculus BMP4
Gorilla gorilla gorilla BMP4
Gallus gallus BMP4
Bos taurus BMP4
Columba livia BMP4
Xenopus laevis BMP4

XP_036398004.1
XP_035277091.1
KAG9268738.1
XP_043074619.1
XP_016337425.1
ROL52452.1
XP_029587557.1
ACV32596.1
AAI00345.1
XP_004061840.1
AAI42130.1
NP_001385099.1
XP_021150021.1
PP411941
XP_026085110.1
XP_042630442.1
XP_016424235.1
XP_043118272.1
NP_571417.1
XP_014066471.1
XP_030298905.1
NP_001334843.1
AAH13459.1
XP_030857865.1
NP_990568.4
NP_001039342.1
XP_005510342.1
NP_001081501.1

2.7. Gene Expression Analysis by RT-gPCR
Total RNA was reverse-transcribed into cDNA using the HiScript Il Q RT SuperMix for
gqPCR (+gDNA wiper) kit (Vazyme Biotech Co., Ltd., Nanjing, China), and the cDNA was

diluted five times for a quantitative template. Gene-specific primers for quantitative real-time
PCR (qRT-PCR) were designed to determine the mRINA expression levels of BMP2, BMP4,
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Runx2, Osterix, and BMPRI in various samples (Table 2). C. auratus red var. 3-actin was used
as an internal control to verify successful transcription and to calibrate the cDNA template for
corresponding samples. gRT-PCR was carried out on the Quant-Studio™ 3 Real-Time PCR
System (Thermo Fisher, Waltham, MA, USA) in a total volume of 20 puL, containing 1 uL of
cDNA template, 0.3 uL of each primer (10 pM), 10 puL of 2x ChamQ Universal SYBR qPCR
Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China), and 8.4 uL of RNase-Free ddH,O.
The PCR cycling procedure was as follows: initial denaturation at 95 °C for 30 s, followed by
40 cycles of amplification at 95 °C for 10 s and 60 °C for 30 s; a melting curve was obtained
at the end of the reaction, and a single peak was observed, demonstrating the absence of
dimeric primers or the generation of non-specific amplification. Relative expression levels
were calculated by the 2724Ct method.

2.8. Statistical Analysis

Data obtained from qRT-PCR were expressed as mean & SEM (n = 3) and were analyzed
with the SPSS 26.0 software (Chicago, IL, USA). Differences between means were assessed
by one-way analysis of variance (ANOVA) followed by Duncan’s multiple comparison tests.
Differences were considered significant when p < 0.05. Relative expressions of the BMP2 and
BMP4 genes were plotted using the GraphPad Prism 8.0 software (San Diego, CA, USA).

3. Results
3.1. Cloning and Sequence Characteristics of BMP2 and BMP4 cDNA

The full length of BMP2 cDNA that we isolated from C. auratus red var. was 2029 bp,
which contained a 5'-untranslated region (UTR) of 375 bp, a 1236-bp open reading frame
(ORF), and a 418 bp 3/-UTR with a 31 bp polyA tail. The ORF encoded a 411-amino-acid
peptide with a predicted molecular weight of 46.97 kDa and a theoretical isoelectric point
of 7.72 (Figure 1A). The complete cDNA sequence of BMP4 was 2095 bp, and the predicted
ORF was 1302 bp, encoding a protein with 433 amino acids. It included a 359 bp 5'-UTR
and a 434 bp 3/-UTR with a 26bp polyA tail (Figure 1B). The calculated molecular mass and
theoretical isoelectric point of BMP4 were 49.56 kDa and 8.56, respectively. The sequences
of BMP2 and BMP4 were submitted to NCBI GenBank, and the accession numbers are
listed in Table 2. Domain architecture analysis of BMP2/BMP4 revealed three conserved
and key structural features, including a signal peptide, a TGF-3 propeptide, and a mature
TGF-f3 domain (Figure 2).

3.2. Homology and Phylogenetic Analysis

Multiple sequence alignments of BMP2 and BMP4 are presented in Figures 3 and 4,
respectively, showing their homology at the protein level. BMP2 exhibited the high-
est homology with BMP2 from other cyprinids including goldfish (Carassius auratus)
(BAN17326.1), sharing 98.30% sequence identity. It also showed significant homology with
blind cavefish (Sinocyclocheilus anshuiensis) (XP_016337425.1), common carp (Cyprinus carpio)
(XP_042602743.1), and tiger barb (Puntigrus tetrazona) (XP_043074619.1), and the sequence iden-
tity was about 93%. Similarly, C. auratus red var. BMP4 shared the highest homology with
C. auratus (XP_026085110.1), and sequence identity was 98.21%. It has higher homology with
C. carpio (XP_042630442.1), S. anshuiensis (XP_016424235.1), and P. tetrazona (XP_043118272.1),
and the sequence identities were 96.43%, 94.90%, and 93.89%, respectively.

The phylogenetic analysis in Figure 5A revealed that the BMP2 sequences formed
two distinct branches, one representing bony fish, while the other was the branch of birds
and mammals, indicating a closer relationship between C. auratus red var. BMP2 and
C. auratus BMP2. The phylogenetic tree of BMP4 encompassed sequences from various
species, including fish, amphibians, birds, and mammals, while C. auratus red var. BMP4
had the highest homology with C. auratus BMP4 (Figure 5B). These relationships depicted
in the phylogenetic tree align well with traditional taxonomic affinities.
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1 gctccaatcaatggcacagacgogacgoctgotgoacgcagagatgagtctocaageage.

€l ctctgaaaacttctactgatcagaatttttaggogaaasatgacagatccaggactttge

121 gaactcgcgctgtcactcottggaattgcoctggtttotttgacctaagoatttgogcactte

181 attagagttaactgcagtttagtttgaagtgttgctcaagtatgaacaagaagaggagac

241 ctgagttgcocggcogactotcoctgtogtgggataaaaaaaaaatcgottgtggattaaaacac

301 gaattcatgtggaatttaagagacgac cacgcagac ccacagcgcttcoctoctt
1

3¢el ciiaactiactiatﬁ ﬁTCGACGIGGICCGCACI CICRCGGTGCTGITGCTCGGTCAG
1¢e L I P E I D Q R K Y 5§ D

421 GIGTITIGCIGGGAAGTACCACTIGGACTCATTCCAGRAGATCCGACCRRACGGARATACAGTGAT
3¢ S G R H P P ER S DINUTVFULI KETFETLR
481 TCRGGGAGACARCCCGCCGGAGCCGARTICCGATATTAACTTICCIGARRGAGTITGAGCTACGE
€ L L N VvV F 66 L K R K P M P § K §8 2 VvV V P
541 CIGCTICRACGTIGITIGGACTGARAGCGRRRRCCCATGCCGAGCARATCGGCAGTGETCCCT
7¢ ¢ ¥ M L D L ¥ ¥Y M H S E N DUDUPINTIUZRR
€01 CARAGTARACATGCTIGGARCTITGIATIATATCGCACTCAGRARRATCGATGACCCGARCATCCGECGC
S¢e P R § T M 6 XK H V E R 2 2 §S R 2 N T I R
g6l CCRAGGARGCACTATGGGARRAGCATGTIGGRACGCEECGECCAGCAGRAGCARARCACRRATACGR
1l §S F H H E E A L E 2 L § § L K G KT T ¢Q
721 AGTTITITCATCATGRAGAGGCTICTCGAGGCACTCTCCAGCCTIGARAGCGRARRRRCRACGCRC
i3 ¢ F F F ¥N L T 8§ v P 2 E E L I T A A E L
781 CAGITITITICTICAARCCITACCICCGTITICCIGCCGAGGAGCTGATCACGGCAGCGGRAGCTIC
ise R I F R D Q vV L G DT G 2 & G ¥ HR IN
841 CGCRITTITICAGGGRCCAGGTIICTCGGTIGACACTGCTCGCARGTICGETITACCACCGRATTART
i7¢ I Y E V F R P 2 L 2 P 8§ T E P L T R L L
S01 ATTTACCAGGIGITCAGGCCAGCCCTGECCCCTITCCACAGAGCCICTTACCAGRCTTICIC
is€e D T R L VvV Q D §S H T R W E § F D Vv G § 2
Sel GACRCCCGICIGGIGCAGGACTICTICATACTCGCTGGGAGAGCTTIGATGTIGGCTTICGGCR
21¢ vV 2 R W & H E S L. H N E G L L VvV E VvV L H
1021 GIGECTICGCTIGGECCCARTGRARTCCCTIGCATRRACCATGGGCTICCTGEGTGGAGGTGCTCCAT
23¢ P E E §8 E G 8§ AR E V E R N R R R HV R V
1081 CCCGRRGAGTCGGRRGGATCCGCGGAGGITGAGAGRARRCCGGAGGAGGCACGTARGGETT
25¢ S R § L H A D E D § W vV Q 2 R P L L V T
1141 AGTCGCTICCCTITICATGCGGACGAGGACTICCIGEETIGCAGECCCGRACCCCTGCTAGTGACT
27¢ ¥ § H D ¢ @ ¢ 8 A VvV L N § N R E K R Q0 VW
1201 TRACAGCCATGACGEICAGGECICCGCCGICCTARATTCARRCAGRACGRAGRARGCGECRAGETC

2%¢ R Q¢ R P K Q R R K ¢ Q¢ Q R T X

1261 CGGCRRAGGCCGRAGCRGCCGCARAGCGRACGCRACGCARCACCGCACRRRCTCCAGGCEECRACECT
31¢e
1321 CICTACGIGGACTTCACGCGACGIGGGCTIGCGRACCACTGGATICTIGCGCGCCACCCGECTAC
33¢
1381 CATGCTITICTACTGICAGGGCGAGIGTICCCITICCCGCIGTICGGACCACCTGRARACTCCACC
3c¢e
1441 EAATCRCGCCATCGICCAGACGCTIGGTIGARCTICGCICARATTCCARTATTICCCARAGCGEIGT
37¢e
1501 TGCGICCCRRCRGAGCTITACGTICCCATATCCECICGCTIATACCIGCGACGAGTACGAGRRAGTC
3S¢e -

1561 ATTCITARRRACTACCRRAGACATGCIGCTIGGACGGGCTGCEGETGCCEAICEgaactacat
1€21 ctccccaatgaagacttttatttatacaaaagatcogttcaaagagotattttggaggaayg
181 a=saagaaatatatatgaatatatttatgttgactgaasasaastgggassataaatattte
1741 aatgagagtgcttgctttttcocgagtggctttgaagatgtttttttttoctgtaccatgtyg
1801 catttcaaaataagtgcaattgoccatgaagtataatgotcagatttttatgatgtatte
18€l1 attgcataacccctttatttgtaaatgatgggtatttatcatgagaaasaatatatgate
1521 ttcatttagtggcatccattttttgaaaccaaaaaatasaccatgggatgaagttttott
1581 tazaagttcatgatataacaaasaaasaazaaaaasaaazaasaaaaaaad

Figure 1. Cont.
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1 ggagaactggatgocgggttcagacggtgatgtoctoaogtgotcgactottectggagatal
cacagatccgogttogocatgggactettttggettottotacgtgatgoggaactaatgal

121 tctaaacattcgcocttagggttggacttttgoctgtotgaggtgaactococtttaaaaacteol
181 ctttttaccgtcttoctcatccaggaatacogogogoatoctotaccaatggaaaggaatcetl
241 ccccocgotgttgttaaacagocttocaggagcocacgtaacattcactogaggaactogtoet)

301 ggatcagctctcgacaaacatggactgttttcocccatgoctttattttotgtogagacatch!
2 w

361 IGATTCCIGGTAARTCGRATGCCGATGGTCCTTITTATTATGCCARGTCCTACTGGGRGRAGR!
2z EFE s L. I P E E G K K KR S 2B Q H L G
421 GCRGCTATGCTAGTCTAATACCTGAGGARAGGGRAGRAGARAGCCTCEGGCTCAGCACCTGG!.
az Q S HE L L RDTFE RBRTTULTLHMMTFGTIL Q
481 GTICAGRGTCATGRACTGCTGCGGGACTTIGRRAGCCACGCTGCTGCACATGTTITGGGCTGC!,
62 R R P R P S Y S 2V V P Q ¥L L DUIL Y R
541 AGRAGGCGACCGCGACCCAGCTACTCGECTIGTGETGCCCCAGTATCTGCTGGACCTGTATC!
82 L Q S G E AR EZEZ&2ZGH R2RHUDTY S F HY P E
€01 GCCTGCAGTCAGGGGAGGCCGARGAGECCEEEECCCACGACGTGAGCTTCCATTATCCCG!.
102 R S T S R A NTJV RGTFHHTETETHMTE E
€661 AGRGGTCCACGAGTCGAGCGRAACACCCTGAGAGGATTCCATCATGARGAGCACATGGAGG!
122 L Q S DG S ETU®PULURTEFJTYVYU FNILS S I P
721 AGCTGCAGTCAGACGGCTCTGRAGACTCCCCTACGCTTCGTCITCARTCTCAGCAGCATCC!
142 E E E L I S T 2 ELRLYRIEKUGOQTITUDTUDZ2Z
781 CRGAGGAGGRACTCATTTCTACCGCRGAGCTTCGTCTCTACAGGARACAGATAGATGATG!
162 I S D P QPT GDETGTLU HTZ RTINTITYEV
841 CARTCTCAGATCCCCRACCCACGGGAGACGAAGGTCTACACAGGATAARCATATACGAGG!
182 L K P PRAZAGOQILITOQILTLUDTM®RILTY R
501 TGCTGRAGCCCCCGCGGGCCGGACAGCTCATCACACAGCTGCTGGRACACTCGACTGGTGC!
202 H N TTURUWE S JF DV S PAVYVILRUWTR
561 GCCACRACACGACTCGATGGGAGAGCTTCGACGTGRAGTCCGGCCGTGCTGCGCTGGACCC!
222 D K S S NH G L2V EV YV PLNZ RT S R
1021 GIGACRAGRGCTCCAATCACGGCCTGGCTIGTGGAGGTGGTGCCCCTGARCCGRACCTCGC!,
242 H Q G R HVYRY SR SULHZPTULUZPDZ ZDW
1081 GTCACCAGGGACGCCACGTACGCGTCAGTCGCTCCTTGCATCCGCTTCCCGACGCAGACT.
262 S Q L R P L L VT F G HUDGTEK S HUP?PLT
1141 GGRGCCAGCTTCGCCCCCTIGCTGGTCACGTTTIGGACACGACGGARRARAGTCACCCGCTGRL
282 R R AR KR S P K QRGRZ KU RNURN
1201 CGCGGCGAGCGARCGCGCAGCCCGRAGCARRGACCTCECARGCCGCARCCGRAACTGTCGGC,

(i H ALYV DFSDVGEWNDGWWTIUYVaZaT®PODP
1261 GACACGCCCTTIATGTGGACTICACTGATCIGGCCTCCARCCACTCCATCCTCCCECCEC,
iz 6 ¥ O A Y Y CHGEGCPFUPLA ADEHTILN
1321 CCGGATATCAGCCCTACTACTCTCACCCCCACTCICCCT TCCCITTCCCCGATCACCTCAL
(32 S T M HA I V QTLVNSVNTNTITPK
1381 ACTCCACCAATCACGCTATTGICCAGACCCTGGTCAACTCCCTGARCACCAATATTCCCAL
(2 A C CVPTETLS2ISMLYZLDETG

1441 AGGCCICGCIGCGITCCCRACRGRACGCICAGTIGCCATCTCCATGCTCTACCTGGRACGRAGRCGE!
ez I ¢ v W C K R M C 2
1501 GRARCARGGGIGGGIGCTICGARCGARCTATCAGCAGACGCTICCTICGEICGEGERARRCAGCRATCETIGTICG!
402 A A D RDT A ATU&PWTULI Y NI WUV L G
1561 CIGCCGCIGRCCGGEGRACACAGCTACACCCTGGACACTTIATTIATARCATCIGEEICTIGE!
422 R C v F L v S s I H I F *

1821 GRARGATGIGTIGITICITGICICCICGATACATATATITICEcaaaaaaagtatatataaal
1€81 tatatatttatatcaacataattaaacaaataaaaccogtocttattttaattatatgteal
1741 gctgtacagcottttogtaatgtatatcagactgtataagggtttttotatgagotagaag)
1801 aattagccactaaaaagtttatttactggtagtatttatttctttaatacaatatcocatt!
18€1 caccaaatgtgtagccocgagogaccococtcataaagocatogtttgtgtacttaaaatagag)
1521 cactgggtgaaatgctaggaaacctgattgtcocttgotatatcagacggagagatcagaggl
1581 cgagttcaatgttctgcatcagcatgtgatttacatggtcocccaaaatttttgttttgttgl
2041 ttazaataaattttgaaacattccaacaccasaaasaaazaazaaszaazaaaaaas

Figure 1. Complete coding sequences and deduced protein sequences of BMP2 (A) and BMP4 (B). The
conserved TGF-f3 propeptide and mature TGF-f3 domain are indicated by yellow and red shading,
respectively. The signal peptide is marked with a green background, and the initiation codons (ATG)
and termination codons (TGA) are underlined.
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Figure 2. BMP2 (A) and BMP4 (B) domain structures in C. auratus red var. Three key structural
features are shown, including a signal peptide (the first region marked in red), a TGF-f3 propeptide,
and a mature TGF- domain.

3.3. Expression Profiles of BMP2 and BMP4 in the Adult Fish

The expression patterns of BMP2 and BMP4 genes were detected in different tissues
of adult C. auratus red var. fish by gRT-PCR. The findings revealed the widespread expres-
sion of BMP2 and BMP4 in all nine tissues examined: gill (G), caudal fin (C), heart (H),
intestine (I), kidney (K), liver (L), muscle (M), brain (B), and spleen (S). Specifically, BMP2
exhibited high expression levels in the muscle, gill, liver, and caudal fin, with lower ex-
pression in the heart. Moderate expression was observed in the brain, intestine, kidney,
and spleen (Figure 6A). On the other hand, BMP4 showed relatively high expression in
muscle and the liver, followed by the caudal fin and brain, but lower expression in the gill,
intestine, spleen, heart, and kidney (Figure 6B).

3.4. BMP2 and BMP4 Expression in Different Developmental Stages after NP Treatment

Under the NP treatment, abnormal tailbone formation was observed in embryos
(Figure S1), which is consistent with the results of our group’s previous research [30]. To
investigate the effect of NP exposure on the expression of BMP2 and BMP4, the levels of
BMP2 and BMP4 mRNA were examined at six developmental stages of C. auratus red var.
embryos, including 6 hpf, 12 hpf, 24 hpf, 48 hpf, 72 hpf, and 96 hpf (Figure 7). qRT-PCR
analysis showed that the expressions of BMP2 and BMP4 in the 3umol/L NP treatment
group were significantly downregulated at 6 hpf, 12 hpf, and 96 hpf compared with the
control group, and BMP2 expression was also significantly decreased at 72 hpf (p < 0.05).
There were non-significant changes in the expression levels of BMP2 at 24 hpf and 48 hpf
and BMP4 at 24 hpf, 48 hpf, and 72 hpf after the NP treatment (p > 0.05).
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Figure 3. Multiple amino acid sequence alignment of BMP2 from C. auratus red var. and other
species. The same amino acids are marked with black, and amino acids with more than 75% and 50%
similarity are, respectively, shown in dark gray and light gray.
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Figure 4. Multiple amino acid sequence alignment of BMP4 from C. auratus red var. and other
species. The same amino acids are marked with black, and amino acids with more than 75% and 50%
similarity are, respectively, shown in dark gray and light gray.



Fishes 2024, 9, 159 12 of 19

A Carassius auratus red variety BVIP2
Carassius auratus BMP2
Sinocyclocheilus anshuiensis BMP2
Cyprinus carpio BMP2
Puntigrus tetrazona BMP2
Anabarilius grahami BMP2 ~ Fishes
Danio rerio BMP2
Salmo trutta BMP2
Megalops cyprinoides BMP2
Anguilla anguilla BMP2
Astyanax mexicanus BMP2
100 Gallus gallus BMP2 L Birds
I: Columba livia BMP2 -
100 Mus musculus BMP2 7
00 Bos taurus BMP2 Y —
57 Homo sapiens BMP2
29 Gorilla gorilla gorilla BMP2 -

ﬂ': A Carassius auratus red variety BMP4
65 Carassius auratus BMP4
39 L Cyprinus carpio BMP4
= Sinocyclocheilus rhinocerous BMP4 :
100 } — Fishes
Puntigrus tetrazona BMP4
Danio rerio BMP4
— Salmo salar BMP4
L) E— Sparus aurata BMP4 -
Xenopus laevis BMP4 2 Amphibians
100 Gallus gallus BMP4 | Birds
100 I: Columba livia BMP4 -
% ——— Mus musculus BMP4 7
100 Bos taurus BMP4
. — Mammals
37 _|: Homo sapiens BMP4
100 Gorilla gorilla gorilla BMP4 -

Figure 5. Phylogenetic tree of BMP2 (A) and BMP4 (B) sequences in different vertebrates (C. auratus
red var. BMP2 and BMP4 are marked with black triangles). The phylogenetic tree was constructed
using the neighbor-joining (NJ) algorithm. Node values represent the bootstrap values obtained after
1000 replications. The GenBank accession numbers of BMP2 and BMP4 are listed in Table 2.
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Figure 6. Relative expression of C. auratus red var. BMP2 and BMP4 in the gill (G), caudal fin (C),
heart (H), intestine (I), kidney (K), liver (L), muscle (M), brain (B), and spleen (S). Transcriptional
fold-changes of BMP2 and BMP4 in different tissues were calculated compared to gill tissue, and

f-actin was employed as the internal reference. Different lowercase letters represent significant
differences (p < 0.05, n = 3).
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Figure 7. Expression levels of BMP2 (A) and BMP4 (B) in the treatment and control groups at six
developmental stages of C. auratus red var. embryos (control: 0 umol/L NP-treated embryos; NP3:
3 umol/L NP-treated embryos). -actin was used as the internal reference. Transcriptional fold-
changes in the target gene at different time points were calculated compared with the control (6 h).
Significant differences at different time points after NP exposure compared with corresponding
control groups are indicated by asterisks (*: p < 0.05; 1 = 3).

3.5. Impact of NP and LDN193189 on BMP-Smad Pathway Gene Expression

To assess the impact of NP exposure on BMP2, BMP4, and other BMP-Smad pathway-
related genes, the expression levels of BMPRI, BMP2, BMP4, Runx2, and Osterix were quanti-
fied in the caudal fin of C. auratus red var. at 12, 24, 48, 72, and 96 h post-exposure (Figure 8). At
12 h, a significant upregulation of BMPRI, BMP4, and Runx2 was observed under a low NP
concentration (p < 0.05), whereas BMP2 expression was downregulated (p < 0.05). At24 h,
under a low NP concentration, BMPRI, BMP2, Runx2, and Osterix mRNA levels were sig-
nificantly increased (p < 0.05). At 12 h under high NP exposure, BMPRI and Runx2 mRNA
expression increased significantly (p < 0.05), whereas BMP2 expression decreased (p < 0.05).
At 24 h, the expression of BVIPRI, BMIP2, and Osterix increased significantly under high NP
exposure (p < 0.05), while BMP4 expression was significantly reduced (p < 0.05). Expres-
sion of all genes analyzed progressively decreased with extended NP exposure time until
96 h, with the most significant differences observed at 48 h, where BMPRI, BMP2, BMP4,
Runx2, and Osterix expression levels were significantly downregulated (p < 0.05). These
findings indicated that the 251.3 ug/L NP exposure group exerted a more pronounced
effect on the expression of the BMPRI, BMP2, BMP4, Runx2, and Osterix genes compared
with the 753.9 ug /L NP exposure group.
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Figure 8. Effect of different concentrations of NP stress on the expression levels of BMPRI (A),
BMP2 (B), BMP4 (C), Runx2 (D), and Osterix (E) mRNA in caudal fin (0.01% ethanol-treated control
group; 251.3 ug/L NP-treated group; 753.9 ug/L NP-treated group). 3-actin was used as the internal
reference. The transcriptional fold-changes in the target genes were calculated compared with the
corresponding control group. Statistically significant differences (p < 0.05) are indicated by different
lowercase letters.

To further elucidate the effects of NP stress on BMP-Smad pathway-related gene
expression, adult fish were treated with the specific BMPRI inhibitor LDN193189 followed
by combined NP exposure. After a 12 h injection with LDN193189, fish were then exposed to
251.3 ug/L of NP for an additional 48 h. The results revealed that LDN193189 significantly
decreased the activity of BMPRI, BMP2, BMP4, Runx2, and Osterix (p < 0.05). In comparison
with the control group, the combined treatment with LDN193189 and NP led to a greater
reduction in the expression levels of BMPRI, BMP2, BMP4, Runx2, and Osterix than either
treatment alone (Figure 9).
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Figure 9. Effects of NP exposure and LDN193189 injection on the relative expression of BMPRI (A),
BMP?2 (B), BMP4 (C), Runx2 (D), and Osterix (E) mRNA in caudal fin of C. auratus red var. Con-
trol: exposed to 0.01% ethanol and injected with 0.01% DMSO; LDN: injected with 0.625 mg/kg
LDN193189 and exposed to 0.01% ethanol; NP: injected with 0.01% DMSO and exposed to 251.3 ug/L
NP; NP+LDN: injected with 0.625 mg/kg LDN193189 and exposed to 251.3 ug/L NP. 3-actin was
used as the internal reference. Transcriptional fold-changes in target gene were calculated compared
with the control. The different lowercase letters indicate statistically significant differences (p < 0.05).

4. Discussion

The bone morphogenetic protein (BMP) family plays a crucial role in regulating cel-
lular activities and is involved in almost all tissue development processes [33,34]. BMPs
are essential for bone formation during mammalian development and exhibit diverse
functions within the body [35]. Disruptions of TGF-3 /BMP signaling have been implicated
in multiple bone diseases [36]. In this study, the BMP2 and BMP4 of C. auratus red var. con-
tained seven conserved cysteine residues, which are typical features of the BMP family [37].
Protein domain analysis revealed both the BMP2 and BMP4 proteins of C. auratus red
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var. possessed two TGF-f3 domains, which is a mature peptide that controls proliferation,
differentiation, and other functions in many cell types [38]. Multiple alignments of the
vertebrate BMP2 and BMP4 protein sequences available revealed the high conservation
of amino acid residues. Phylogenetic analysis showed that the amino acid sequences of
BMP2 and BMP4 were conserved among the analyzed fish species, and C. auratus red
var. sequences were closely related to those of C. auratus. The structure and sequence
similarity of BMP2 and BMP4 between C. auratus red var. and other fish suggests that
cloned C. auratus red var. BMPs belong to the teleost BMP family.

Research has indicated that the BMP2 and BMP4 genes are broadly expressed across
various tissues in fish, with expression patterns exhibiting species-specific variability. For
instance, in C. carpio, both the BMP2 and BMP4 genes are expressed at high levels in several
healthy tissues, including the gill, intestine, liver, spleen, brain, and blood [39]. In C. carpio
var. Jian, the expression of BMP2 is most highly expressed in muscle, with subsequent
levels observed in the liver; however, lower expression levels have been detected in both
the heart and brain [26]. In barbel steed (Hemibarbus labeo), BMP2 shows preferential
expression in the gill, with significant levels also detected in muscle and the liver, while
expression in the heart is lower [27]. In the current study, qRT-PCR was employed to assess
the expression of BMP2 and BMP4 in various tissues of C. auratus red var. Expression was
detected in all sampled tissues, with the muscle and liver exhibiting higher levels, followed
by the caudal fin and lower levels in the heart. This widespread distribution suggests
diverse physiological roles for BMP2 and BMP4 in C. auratus red var. For example, higher
expression in muscle suggests that BMP2 and BMP4 might be related to the occurrence of
intramuscular spines [26]. In the liver, their higher expression indicates the importance of
the BMP pathway in liver development, where it is closely related to iron balance in the
liver [27,40]. High expression in the caudal fin suggests that BMP2 and BMP4 are involved
in the process of bone formation [41]. Comparatively, the tissue-specific expression pattern
in C. auratus red var. closely aligns with that observed in Cyprinus carpio var. Jian, another
cyprinid species. This conservation of expression patterns within cyprinids suggests that
BMP2 and BMP4 may play evolutionarily conserved roles in these fishes, with potential
implications for understanding their physiological functions across different tissues.

Nonylphenol (NP) has been examined for its toxicological effects across multiple
tissues, with particular emphasis on the skeletal system [4,6]. It has been demonstrated
that NP plays a critical role in bone, which can inhibit osteoclast formation and lead to
skeletal disorders [42]. Furthermore, NP may modulate the molecular mediators involved
in osteoblast differentiation through its interaction with estrogen receptors [43]. The BMP
signaling pathways are known to be important in osteoblast differentiation [17]. This
suggests that NP may influence BMP pathway-related genes through its interaction with
estrogen receptors. As prominent ligands of this pathway, BMP2 and BMP4 activate it by
binding to BMP type I (BMPRI) and type II (BMPRII) receptors, triggering the phosphoryla-
tion of downstream proteins such as Smad1/5/8 [44]. Subsequently, the phosphorylated
Smad complex with Smad4 translocates to the nucleus and acts as a transcription factor,
regulating genes such as Runx2 and Osterix, which are crucial for bone formation and
maintenance [45]. In our study, we found that NP exposure can significantly depress the
expression of BMP2 and BMP4 in C. auratus red var. embryos and adults. BMP plays
a crucial role in the formation of the body axis, particularly in the development of the
ventral side during early life stages [46]. NP’s effects on embryos can lead to the down-
regulation of BMP2 and BMP4 expression, resulting in morphological changes such as the
abnormal development of tail bones during the early life stages [30]. In addition, in the
cotreatment group, an intraperitoneal injection of the BMPRI-specific inhibitor LDN193189
was administered to disrupt gene expression, along with exposure to 251.3 pug/L of NP;
the expression levels of BMPRI, BMP2, BMP4, Runx2, and Osterix were downregulated
more than in the other treatment groups. To date, there has been limited research exploring
the effect of NP on the BMP-Smad signaling pathway in fish. Our results align with those
of previous research, which has demonstrated that 2.5 uM of NP reduces the expression
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of BMPs during the osteogenic differentiation of mesenchymal stem cells into osteoblasts
in rats [47]. The results suggest that NP may inhibit osteoclast formation by interfering
with the expression of BMP pathway-related genes, which will provide cues for further
research on the molecular mechanism of the NP effect on bone development. Studies of
gobiid fish (Odontobutis potamophila) have shown that long-term exposure to NP can affect
the tissue structure of the testes, leading to cell necrosis and fibrosis [48]. In this study, an
acute exposure experiment was conducted that does not provide a thorough understanding
of the effects of long-term NP exposure on fish.

Recent studies have increasingly uncovered the potential hazards of endocrine-disrupting
chemicals (EDCs) on the skeletal development of aquatic organisms. Evidence suggests
that EDCs can inhibit the expression of key skeletal development genes, such as BMP2,
BMP4, Sox9, and Runx2. This study further validates these findings by experimentally
observing that NP, a ubiquitous EDC, significantly reduces the expression levels of the
BMP2 and BMP4 genes in Carassius auratus red var. This discovery is consistent with the
inhibitory effects observed previously in other fish exposed to EDCs, such as bisphenol A
(BPA) [49] and benzyl butyl phthalate (BBP) [50]. These findings underscore the crucial role
of the BMP-Smad signaling pathway in the adaptive mechanisms of teleost fish in response
to environmental toxicants. Concurrently, they highlight the significance of safeguarding
aquatic ecosystems against EDC pollution. Hence, this research establishes a scientific
framework for the formulation of environmental management strategies that specifically
target EDCs, aiming to alleviate their potential detrimental effects on aquatic organisms
and ecological systems.

5. Conclusions

In the present study, full-length cDNAs of BMP2 and BMP4 were successfully isolated
and characterized from Carassius auratus red var. Homology and phylogenetic analyses in-
dicated that BMP2 and BMP4 were most closely related to BMP2 and BMP4 from C. auratus
and were relatively conservative between different species. Furthermore, tissue-specific
distributions showed that these two proteins were expressed in all tissues examined and
highly expressed in muscle, the liver, and the caudal fin. The levels of BMP2 and BMP4
mRNA were downregulated at different developmental stages of embryos after NP ex-
posure. Additionally, the different concentrations of NP stress on the caudal fins of adult
fish affected the expression of BMP2, BMP4, and other BMP-Smad pathway-related genes.
Importantly, the results of the independent and combined treatments with NP and the
BMPRI specific inhibitor suggested that NP reduced the expression of BMPRI, BMP2, BMP4,
Runx2, and Osterix. Our findings demonstrate that BMP2 and BMP4 may play a regulatory
role via the BMP-Smad pathway under the exposure of NP and advance our understanding
of how NP stress affects BMP2 and BMP4.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fishes9050159/s1, Figure S1: Morphological changes of the Carassius
auratus red var. embryos at different developmental stages exposed to NP exposure; Table S1: Embryo
sampling details for NP exposure experiments.
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